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Abstract
In the framework of U(Mo) alloys qualification used as nuclear fuel for research reactors, post-irradiation experiments have
shown that the porosity and swelling phenomena observed due to irradiation on dispersed fuel elements are associated to a poor
behavior of the interaction layer grown by interdiffusion during fabrication and/or irradiation between U(Mo) particles and the
matrix. Fission induced amorphization of some of the phases that form the interaction layer, has been proposed as one 
explanation to understand the failure. Out of pile diffusion couples experiments have shown that the phases UAl3, UAl4,
Al20Mo2U and Al43Mo4U6 form the interaction layer when pure Al is used as matrix while U(Al,Si)3, U3Si5, USi2, USi2-x,
Al20Mo2U and Al43Mo4U6 are identified when Al(Si) is used instead of Al. The objective of this investigation is to study, 
independently, the behavior of each phase under neutron irradiation focusing on a possible amorphization. In this work, powders 
of U3Si5 and Al43Mo4U6 compounds were irradiated at RA1 reactor (Argentina). Samples were analyzed by optical microscopy,
scanning electron microscopy, energy dispersive spectroscopy, wavelength dispersive spectroscopy and X-ray diffraction.
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1. Introduction
Reduced enrichment for research and test reactors (RERTR) nonproliferation program promotes the conversion 
of research reactors to use low enriched U instead of high enriched U in their cores [Snelgrove et al. (1997)]. In this 
sense fuel elements should be modified in order to use high density U alloys like U-(7 to 10 wt %) Mo in metastable 
(bcc) ȖU phase which have demonstrated good irradiation behaviour [Meyer et al. (2002)]. Nevertheless, when
dispersion miniplates or full size fuel elements made using pure Al as matrix were tested under irradiation, 
unacceptable failures appeared that impede final qualification [Hofman et al. (2003) and Leenaers et al. (2004)]. 
These failures are associated to the bad behaviour under irradiation of the interaction layer (IL) grown by
interdiffusion between U(Mo) and the matrix during fabrication and or irradiation. It was proposed that fission 
induced amorphization affects IL reducing its viscosity and enhancing fission gas mobility inside it [Van den Berghe 
et al. (2008) and Gan et al. (2010)].
Different laboratories around the world have been working in the characterization of this IL, in pile and out of 
pile, and in different solutions to change its characteristics. From these investigations, the addition of Si to pure Al 
matrix has arisen as one of the most promising solution. Concerning the phases that form IL, UAl3, UAl4, Al20Mo2U
and Al43Mo4U6 have been identified when U(Mo)/pure Al is studied meanwhile U(Al,Si)3, U3Si5, USi2, USi2-x,
Al20Mo2U and Al43Mo4U6 are the ones identified when Al(Si) is used instead of pure Al [Mirandou et al. (2003), 
Mirandou et al. (2009a), Mirandou et al. (2009b), Perez et al. (2013) and Iltis et al. (2013)].
The irradiation with 500 keV Kr ions of the phases U(Al,Si)3, UAl4, Al20Mo2U and Al43Mo4U6 [Gan et al. (2010)]
showed that among all of them, Al43Mo4U6 went amorphous at lower doses (< 1 dpa) and developed big holes at
doses near 100 dpa. This result suggests that this phase could be responsible for the porosity and swelling that 
provokes the failure under irradiation previously mentioned.
From the statements mentioned above, we consider very valuable to study, independently, under neutron 
irradiation the behaviour of each of the phases identified in the ILs, focusing on a possible amorphization. To start 
this investigation, U3Si5 and Al43Mo4U6 were selected and powders of these compounds were irradiated in RA1 
reactor (Argentina) up to 0.02 dpa. The main reason to select this damage value is to reach a low activation level of 
the samples in order to decrease the decay times allowing the analysis of the samples in a short time without using 
hot cells.
In this work, details of the melting process, as cast characterization, sample preparation for irradiation and 
irradiation details are presented for both compounds. Post-irradiation characterization was performed only for U3Si5
sample because Al43Mo4U6 sample is still too active to be studied. Optical and scanning electron microscopy (OM 
and SEM), energy and wavelength dispersive spectroscopy (EDS and WDS) and X-ray diffraction (XRD) were used 
to perform microstructural characterization of the samples.
2. Experimental procedure
Depleted U (0.2 at% 235U – 99.9%), Mo (99.97%), Al (99.99%) and Si (99.95%) were used as starting materials. 
Three alloys were fabricated by arc melting in a small non-consumable tungsten electrode arc-furnace with a copper 
crucible under pure argon atmosphere. Each alloy was re-melted five times to promote homogeneity. Only one alloy 
(50 g) was melted to obtain U3Si5 compound using nominal concentration according to its stoichiometry. On the 
other hand two different alloys (20 g) were necessary to obtain Al43Mo4U6: the first one using nominal concentration
according to its stoichiometry and the other one Mo-enriched following experimental detail in [Noel et al. (2009)]. 
Information about melted alloys is given in Table 1.
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Table 1. Summary of relevant alloy fabrication and irradiation data.
In some cases thermal treatments were performed in order to optimize relative participation of the compounds of 
interest in each alloy. To do this, alloys were sealed into quartz tubes under pure Ar atmosphere. Samples of the 
three alloys in the as cast condition and after thermal treatments were embedded using conductive polymeric resin 
and polished up to 1 ȝm with diamond paste to be characterized. Microstructural analysis was performed by OM
(Olympus BX60M) and SEM (Philips SEM 515 and FEI QUANTA 200). Qualitative and quantitative composition 
determinations were obtained by the use of EDS (EDAX Phoenix 3.2) and EPMA (CAMECA SX50) against U, Mo, 
Al, and Si pure standards respectively. Finally XRD was used to identify crystalline structure of the phases (Philips 
PW 3710 with KĮ Co radiation and PANalytical-Empyrean with PIXCEL 3D Detector with KĮ Cu radiation). 
Powders were obtained using an agate mortar and were stuck on a special double-sided adhesive tape which has no 
diffraction peaks in the analyzed angular range. To perform XRD comparison between theoretical patterns of each 
phase with the experimental patterns POWDERCELL software was used [Kraus et al. (2000)]. A globe box was 
used for security to obtain and manipulate samples powder. An amount of 1 g of powder was separated from alloys 2 
and 3 to be irradiated in RA1 reactor, thermal flux 7x1011 n/(cm2s), up to 0.02 dpa. Irradiation time for each alloy is 
given in Table 1. Small Al containers were used to introduce powder inside the reactor avoiding dispersion and 
contamination. After irradiation samples were kept into dry storage till they reach safety doses. Irradiated powders 
were characterized by OM, SEM and XRD and were prepared as already mentioned.
3. Results and discussion
3.1. Al43Mo4U6 compound: Fabrication process, as cast characterization and irradiation
As previously mentioned Alloy 1 was melted according to Al43Mo4U6 stoichiometry concentration. After melting 
process the alloy was heat treated during 240 h at 500 ºC.
A multiphase microstructure was observed by OM and SEM for Alloy 1 in the as cast condition (Alloy 1-AC)
which, according to crystalline structure identification, was formed by UAl3, UAl4 and Al20Mo2U [Fig. 1(a)]. In this 
figure, very low intensity peaks with angular position 2ș = 22º, 31.2º y 38.5º are associated to secondary diffractions 
of UAl3 phase for Kȕ Co radiation. As no any other reflection remained without identification it was concluded that
Al43Mo4U6 compound was not present in the Alloy 1-AC.
Fig. 1. Crystalline structure identification by XRD: (a) Alloy 1-AC, (b) Alloy 1-TT1.
Alloy
Nominal composition  (at.%)
Expected compound Irradiation time (h)
Al Mo U Si
1 81.15 7.61 11.24 - Al43Mo4U6
2 76.1 13.4 11.3 - Al43Mo4U6 728
3 37.5 62.5 U3Si5 221
a)
b)
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After thermal treatment (Alloy 1-TT1) new crystalline structure identification was performed and no changes 
were observed concerning identified phases, Fig. 1(b). Comparing both patterns, some change in the relative 
intensity of their peaks was evidenced meaning that thermal treatment only modified relative amount of the three 
phases in the sample.
Chemical analysis of Alloy 1-AC revealed that a reduction in Mo concentration took place after melting process 
meaning that nominal composition was not stoichiometric as intended, Table 2. Neither inhomogeneity in the Alloy 
1-AC nor problem during melting process were observed that can easily explain this difference in composition.
Further analysis is needed.
Table 2. Alloy 1-AC concentration before and after melting process.
Nominal concentration Measured concentration after melting process
Al Mo U Al Mo U
wt% 39.1 13 47.8 41.12 9.54 49.34
at% 81.15 7.61 11.24 83.37 5.5 11.1
Chemical composition of the phases identified by XRD (UAl3, UAl4 and Al20Mo2U) and Al43Mo4U6 together with 
measured concentration after melting process of Alloy 1-AC were plotted on a Gibbs triangle (in at%) for UAl3 -
MoAl3 – Al, Fig. 2. As it can be seen in this figure, measured concentration of Alloy 1-AC is located inside a 
triangle whose vertices are UAl3, UAl4 and Al20Mo2U. This means that any thermal treatment performed to this alloy 
could only change relative amount of these three phases but will probably never promote the formation of the
expected compound Al43Mo4U6.
From the results and conclusions presented in previous paragraphs and the experience reported in Noel et al.
(2009), with a similar problem, a new Alloy (Alloy 2) was melted. According to [Noel et al. (2009)] the starting 
composition should be chosen enlarged in Mo and reduced in Al respect to the stoichiometric one. Besides this,
authors propose a thermal treatment of 384 h (2 weeks) at 950 ºC. This thermal treatment was chosen to be 
performed to Alloy 2 instead of the other one used with Alloy 1.
Fig. 2. Gibbs triangle showing concentration of phases identified by XRD (UAl3, UAl4 and Al20Mo2U), Al43Mo4U6 and measured 
concentration of Alloy 1 –AC in at%.
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Fig. 3 shows a micrograph of Alloy 2 in the as cast condition (Alloy 2-AC) in which at least three different phases 
can be observed and were indicated with numbers 1, 2 and 3. Also concentration measurements of elements were 
performed. Inside zone 1 Al, Mo and U were identified, inside zone 2 only U and Al are present while zone 3 
corresponds to pure Al.
Crystalline structure identification, Fig. 4, revealed the presence of Al43Mo4U6, UAl3, UAl4 and Al phases. 
According to this, zone 1 is formed by Al43Mo4U6, zone 2 by UAl3 and/or UAl4, and zone 3 by pure Al.
Due to the presence of pure Al phase, a thermal treatment of 48 h at 580 °C was applied to Alloy 2-AC to 
promote Al diffusion before subjecting the sample to the final thermal treatment of 384 h at 950 °C. From now on 
thermal process (48 h at 580 °C) + (384 h at 950 °C) will be called TT2.
After TT2 a new crystalline structure identification was performed to Alloy 2-TT2 in which Al43Mo4U6 and UAl3
phases were identified being no indications of UAl4 or pure Al, Fig. 5. Besides this, point to point concentration 
measurement by WDS, confirms that the compound of interest, Al43Mo4U6, is present in Alloy 2-TT2, Fig. 6.
Powder obtained from Alloy 2-TT2 in this condition was irradiated at RA1 reactor during 728 h in order to reach 
0.02 dpa. This sample has concluded the irradiation and at the time of this presentation is in dry storage.
Al43Mo4U6
Al3U
Fig. 5. Alloy 2-TT2. Crystalline structure identification 
through XRD patterns
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Fig. 6. Alloy 2-TT2. Concentration measurements by WDS.
Al43Mo4U6
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Fig. 4. Alloy 2-AC. Crystalline structure identification
through XRD patterns.
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Fig. 3. Alloy 2-AC. SEM image of three different zones 
zones indicated with numbers 1, 2 and 3.
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3.2. U3Si5 compound: Fabrication process, as cast characterization, irradiation and post-irradiation.
To fabricate Alloy 3, Si and U were melted according to U3Si5 stoichiometric concentration (see Table 1). A few 
days after melting, sample gets into powder without any external action.
SEM observations performed to representative particles of Alloy 3 in the as cast condition (Alloy 3-AC) revealed 
the presence of, at least, two phases in the sample which are indicated as 1 and 2 in Fig. 7. Clearly seen in the figure, 
phase indicated as 2 is full of cracks which do not progress into phase indicated as 1. Crystalline structures 
corresponding to U3Si5, USi2-x phases and SiU (in very low amount) together with superficial oxide O2U were 
identified by XRD, Fig. 8. This information confirms the presence of U3Si5 compound in Alloy 3-AC.
Powder of Alloy 3-AC was irradiated at RA1 reactor during 221 h in order to reach 0.02 dpa. After irradiation the 
sample (from now on called Alloy 3-AC-I) spent 270 days in dry storage up to reaching safe doses to be
manipulated.
New SEM observations and XRD analysis were performed to Alloy 3- AC-I which are shown in Figs. 9 and 10. 
General aspect of particles after irradiation showed the presence of at least two phases. Same crystalline structures as 
in Alloy 3-AC were identified for Alloy 3-AC-I being no changes in the background which could be associated to
amorphization.
Fig. 7. SEM image showing the general aspect of 
representative particles of Alloy 3-AC.
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Fig. 8. Alloy 3-AC. Crystalline structure identification through 
XRD patterns.
Fig. 9. SEM image showing the general aspect of 
representative particles of Alloy 3-AC-I.
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Fig. 10. Alloy 3-AC-I. Crystalline structure identification through 
XRD patterns.
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4. Conclusion
The aim of this work consisted in studying, independently, neutron irradiation effects on U3Si5 and Al43Mo4U6
compounds. With this objective, two alloys partially formed by these phases were irradiated at RA1 reactor up to 
0.02 dpa. First results of this investigation lead to the following conclusions.
Two different alloys, a stoichiometric one and a non-stoichiometric one, were tested to obtain an alloy mainly 
formed by Al43Mo4U6 compound. From both of them, the non-stoichiometric one (Al-13.4at%Mo-11.3at.%U) 
thermally treated at (580 ºC-48 h) + (950 ºC-384 h) allowed achieving the objective. Neutron irradiation effects were 
not studied yet because the sample is still too active to be manipulated.
Comparing information gathered from an alloy partially formed by U3Si5 phase before and after irradiation it can 
be said that significant change either in morphology or in crystalline structure introduced by neutron irradiation 
could not be observed. No evidence of amorphization can be inferred.
This investigation is in its very beginning and larger irradiations together with higher fluxes are mandatory to 
better characterize the compounds behavior under neutron irradiation. However, this investigation was important 
concerning some details in compounds fabrication process, irradiation devices and irradiated samples handling in
relation to characterization equipments.
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